1D
lipid structures (e.g., helical structures, hollow cylindrical tubules) self-assemble in solution, induced by the lipid phase transition.
1À9 Metallization of such 1D lipid structures results in quick and cheap metal nanotubes, 1 although their patterning on surfaces requires another effort 10À12 such as manual manipulation. 13 The self-assembly of lipids is also interesting from a biological perspective because it has been linked to the origin of life. 14 1D lipid structures have been also shown to transport intercellular organelles 15, 16 and transmit electrical signals 17 between eukaryotic cells and between bacteria. On the other hand, one can manually form lipid micro-to submicrotubules by pulling a part of vesicles or cell membranes with a pipet, 18À22 a microneedle, 23 or optical tweezers. 17 Microfluidic systems have been also used to fabricate similar structures by extruding lipid membranes through a microaperture, 24 or by controlling the lipid hydration, 25 shear force, 26 and the aqueous entrapment within flow cells. 27 In such works, the lipid-tubule formation is fundamentally based on the shape transformation of lamellar structures by applying a point load. 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) is a zwitterionic conicalshaped lipid. It has garnered attention due to its inverted-hexagonal phase (H II ) at full hydration and room temperature ( Figure 1a) . 28À30 In aqueous solution, they form H II blocks, frequently characterized by cryo-electron microscopy. 31, 32 The cytoplasmic membrane of Escherichia coli consists of 80% PE-based lipids, 33 such as DOPE used in this work. The reason for the extremely high concentration of PE-based lipids in the bacteria remains elusive, although the conical shape of the lipid is known to play a key role in membrane curvature and vesicle fusion. 34, 35 In this work, we report that the DOPE H II blocks adsorbed on a polyelectrolytefunctionalized surface transformed their shape into single-bilayer-wall tubes with an outer diameter of 19.1 ( 4.5 nm and the length of nearly 1 mm upon the application of a solution flow. Distinct from other shear-force driven microtubule assemblies, (i) the diameter is a couple of 10 nm, yielding the aspect ratio of 10 5 , and (ii) the growth mechanism involves the mixture of two phases; inverted hexagonal phase and lamellar phase.
The main technical advantages of the process are that the assembly occurs directly on surfaces in the presence of flow and nanowire alignment is controlled by the flow direction. These characteristics allowed the lipid nanotubes to be patterned in a simple, straightforward, and high-throughput manner with microfluidic systems. In addition, lipids in the nanotubes exhibited a high mobility, which allowed the transport of lipid blocks along the wire. It is also intriguing to observe that a lipid that is so abundant in bacteria can form nanotubes, transports molecules along the nanotube, and disappears by itself in a physiological environment.
RESULTS AND DISCUSSIONS
To prepare the lipid solution, chloroform-stored DOPE was added to a flask, dried, resuspended with a physiological buffer solution, and sonicated. DOPE exists in the inverted-hexagonal phase (H II ) at full hydration, physiological pH, 150 mM NaCl, and room temperature ( Figure 1a) . 28À30 Upon sonication, lipids detach from the flask wall and form blocks of H II phase. 32 A glass slide was coated with a polycation, polyethyleneimine (PEI, Figure 1a ). The DOPE blocks simply adsorbed onto the PEI-functionalized surface (Figure 1b) . Upon a solution flow, the lipid blocks transform their shape, forming nanotubes (Figure 1c,d ).
Representative snapshots of a movie taken during the directed self-assembly of the nanotubes are shown in Figure 1eÀg (part of the movie and other snapshots are shown in Supporting Information, movie S1 and Figure S1 ). The lipids showed three characteristic phenomena: (1) nanotube formation (Figure 1e ), (2) nanotube detachment (Figure 1f) , and (3) 1D transport of a lipid block on a tube (Figure 1g ). Nanotube formation was initiated by the lipid block movement, with the nanotube assembling as a tail on the lipid block (Figure 1e ). On the other hand, a created nanotube detached after a lipid block passed over it (Figure 1f ). These two events indicate that the lipid block acts as a lipid reservoir, providing lipids to and collecting lipids from the nanotubes. In addition, Figure 1e shows that some lipid blocks remained without changing their location, indicating a distribution in the force required to move the blocks. One-dimensional transport of a lipid block along a tube was observed (Figure 1g ), suggesting lipid mobility in the nanotubes. Assembled nanotubes were well-oriented along the flow and reached lengths of several hundred micrometers 
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( Figure 1h ). This length is among the longest reported for 1D lipid structures. 1 Polyelectrolytes are charged polymers that weakly interact with electrically neutral lipids. 36 The first key step in nanotube formation was the PEI-coating of the glass surface, which allowed the adsorbed blocks to maintain their block-structure. In addition to PEI, the polycation poly-L-lysine (PLL) induced a similar behavior of the lipid blocks together with nanotube formation (Supporting Information, Figure S2a ). By contrast, adsorbed lipid blocks did not remain intact on a bare glass slide, but instead formed a mixture of lipid patches and ribbon-like structures (Supporting Information, Figure S2b ). The second key step is the application of solution flow. This step induces nanotube formation as a tail on the block. From Figure 1e it can be deduced that the lipid block is attached locally to the surface, while the nonattached part of the lipid block can be displaced by the flow, disentangling the lipid block into a tube.
To study the internal structure of the tubes, samples were imaged by cryoTEM ( Figure 2 ). The hexagonal pattern (A in Figure 2ab ) and the stripes that correspond to the side view (B in Figure 2b ) typical for H II structures 37, 38 were imaged for the lipid blocks as expected. The outermost layer of the block is a bilayer (C in Figure 2ab ), which is connected to H II structure, being mediated by a loose lamellar structure in between. From the block, tubes are protruding. The highresolution image in Figure 2b shows that the structure of the tube is a single-bilayer wall tube with an outer diameter of 19.1 ( 4.5 nm (inset in Figure 2 ). These tubes in the images assembled directed by turbulent flows applied with a pipet in open flow cells (pipetting applies shear forces of a maximum of a few N/m 2 randomly, depending on the location). 39 Regardless of the large variation in the force, the standard deviation of the tube diameter is surprisingly small. It implies that the tube diameter is independent of the applied force and it has an energetically preferable magnitude. The image of the lipid block-tube junction revealed that the tube is an expansion of the outermost bilayer (C in Figure 2b ). Importantly, three structures (i.e., H II , the lamellar phases, and tubes) coexist in the system. Such lipid tubes are usually fabricated by pulling a part of vesicles or cell membranes with a pipet 18À20 or optical tweezers manually. 17 The present work shows that the lipid tubes form also from H II without explicitly applying a point load manually. Next, we discuss the physics behind the self-assembly. On the basis of the previous theoretical study on DOPE, 40 
for the H II phase, the lamellar phase, and a tube of radius R (A = 2πRL, where L is the length of the tube), respectively. 
of Table 2 in ref 40 ) comprises all the interactions between the bilayers (including Van der Waal attraction and hydration repulsion). Comparing E H and E L (with the above parameters) one can see that E H < E L , confirming that at room temperature the H II phase is more stable than the lamellar one. It is also in agreement with our croTEM images where the main core of the lipid blocks is in H II phase. The free energy of a bilayer tube (E T ), however, consists only of the usual elastic term (corresponding to two monolayer of curvatures 1/R and À1/R). Although the tubes are formed from the outer bilayer envelope of the blocks, their lipids are ultimately supplied by the H II core. Therefore, the energy required to form a tube of radius R and length L is
In the case of stable tubes E(R) takes its minimum with respect to R, leading to
from which the stable tube radius (R opt ) can be expressed as
which is in remarkable agreement with the cryoTEM images (where R opt is measured from the tube axis to the middle surface of the lipid tails as shown in the inset of Figure 2b) , and explains why the optimal diameter of the tubes is independent of the applied flow.
The force required to form a tube can also be calculated as
which must be provided by the solution flow. The drag force applied to a lipid block can be estimated as F Stokes = 6πμR block v = 3.8À380 pN, with the viscosity of water being μ = 1 Â 10 À3 kg/s 3 m and the radius of the lipid block being R block = 1À100 μm. For v, the velocity of the lipid block v ≈ 200 μm/s from Figure 1g was used. This is a lower estimate for the initial flow velocity applied to the static block attached to the surface, yielding a lower estimate of the viscous forces exerted on the lipid blocks. This implies that the drag force is large enough to protrude a tube for large lipid blocks. The formation of the narrow neck between two lipid blocks at the beginning of the tube assembly may happen because of the point contact between a surface-bound and a floating block upon an impact. Indeed, the tube assembly occurs mostly when a flow is induced in the presence of lipid blocks in solution.
We will now present two examples of solution-flowdriven lipid-nanotube patterning to highlight its versatility. The first example is a lipid nanotube network that assembled directed by a turbulent flow. When a turbulent flow was applied by a pipet after the adsorption of the lipid blocks, lipid nanotubes formed a 2D network (Figure 3a ). They were stable at least for 3 days 
in solution without changing their optical properties. The addition of solution with different salt concentrations (the osmolarity difference of more than 100 mM) changes their optical appearance (tubes widen and dots appear on them), indicating that the structure is relatively sensitive to the osmotic pressure difference between the in-and outside of the tubes. The lipid nanotubes have an internal molecular mobility, with an estimated diffusion coefficient of D ≈ 6 Â 10 À9 cm 2 /s based on fluorescent recovery after photobleaching (FRAP) with a 2D FRAP model (Figure 3b,c) . 43 Such an estimation of the diffusion coefficient of the 1D lipid structure was possible because the nanotubes were surface-bound. The values are of the same order of magnitude as those for lipid bilayers on glass surfaces. 44 This lipid nanotube network could be used as a scaffold for cells similarly to nanofibers formed by self-assembly of peptide amphiphile molecules that allowed the selective differentiation of neural progenitor cells encapsulated in the network. 45 The second example is writing with lipid nanotubes. A microfluidic flow-cell with an ETHshaped channel (width and height of 50 μm) was fabricated with PDMS ( Figure 3d ). To establish only lamellar flow without any turbulence, particular care was taken to design the channel without sharp edges. The high magnification image of the curved edge (Figure 3e) shows that the lipid nanowires were able to curve along the channel, while FRAP confirmed their internal mobility.
CONCLUSION
The reported system is distinct from other reported tube fabrications because (1) it involves three lipid phases, (i.e., H II , the lamellar phases, and tubes) while the others include only lamellae and tubes, and (2) the lipid nanotubes form without explicitly applying a point load. The two points are mostly interconnected, because the loose lamellar envelope supported by the inner H II structure may enable the point contact to the surface or to another lipid block just upon a fluctuation of solution. On the other hand, the surface of the vesicles is so smooth that the point load has to be applied manually. The capability of freely aligning lipid nanotubes on surfaces in a highthroughput manner could be used for molecular patterning by attaching molecules on the tubes. The nanotubes have inner fluidity, which may allow for further electrical/magnetic/fluid-dynamical manipulation of lipids or lipid-attached molecules. In addition, the tube structure with a uniform diameter could be used for nanocapsule and nanowire fabrication by metallization, all of which can be patterned on surfaces. From a biological perspective, the finding that a lipid abundant in bacteria self-assembles into nanotubes, transports molecules along the nanotubes, and disappears by itself under a physiological condition directed by a solution flow may provide new explanations to poorly understood biological processes, such as the molecular transport between eukaryotic cells 15, 17 or between bacteria. 16 
MATERIALS AND METHODS
Buffer Solution (HEPES). All the experiments were performed in a buffer solution at pH 7.4. The buffer solution (HEPES) was prepared with 10 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid purchased from Fluka (Buchs, Switzerland) and 0.15 M sodium chloride (Fluka, Buchs, Switzerland) in ultrapure water filtered through Milli-Q Gradient A10 filters (Millipore AG, Switzerland). The pH was adjusted to 7.4 using 6 M NaOH (Fluka, Buchs, Switzerland).
Polyelectrolytes. Polyethyleneimine (PEI, MW = 25 000 g/mol, branched, 408 727) and poly-L-lysine hydrobromide (PLL, MW = 15 000 to 30 000 g/mol, P7890) were purchased from SigmaÀAldrich Chemie GmbH (Switzerland). PEI and PLL were dissolved at a concentration of 1 mg/mL in HEPES. All the solutions were sterile filtrated through 0.22 μm filters.
DOPE Lipid Solutions. 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and 1-oleoyl-2-[12-[(7-nitro-2À1,3-benzoxadiazol-4-yl)amino]lauroyl]-sn-glycero-3-phosphocholine (NBD-PC) were purchased from Avanti Polar Lipids and stored in chloroform. For both the optical imaging and the cryoSEM imaging, the lipid solution was prepared by taking DOPE þ 2% NBD-PC into a flask, drying and adding a physiological buffer solution, followed by a sonication at the highest power using Elma Transsonic Digital S (T710DH, IS@Work Pte Ltd., Singapore) at a final concentration of 1 mg/mL. Lipid nanotubes formed also with 100% DOPE lipids, confirmed by a fluorescent microscope by encapsulating Calcein dissolved buffer solution inside of the nonlabeled tubes. Except for the NBD-PC used in the manuscript, we also use other fluorophore-tagged lipids such as BODIPY FL HPA (invitrogen) and Liss Rhodamine-PE (Avanti Lipids), and they all show similar nanotube assemblies. Those three fluorophore-tagged lipids have differences in terms of the shape (headgroup-tagged or tail-group-tagged, thus conical or inverse conical) and electrical charge. It suggests that the addition of different lipids at this concentration does not affect the formation of the tubes significantly.
Flowcells. Straight flowcells consist of a sticky-Slide I 0.4 Luer (ibidi, Germany), and a glass slide cleaned by an oxygen-plasma cleaner (PDC-32G, Harrick, USA) just before the experiments. The channel was 50 mm long, 5 mm wide, and 0.4 mm high. The PDMS flowcell with an ETH-shaped channel was fabricated by replica molding. 46, 47 Briefly, the channel pattern was fabricated on a Si wafer by photolithography with SU-8 photoresist spin-coated at a thickness of ∼50 μm. A precursor mixture of poly(dimethylsiloxane), PDMS, was cast and cured on the Si wafer. The device could then be peeled off from the Si master after baking.
Confocal Laser Scanning Microscope (CLSM) and Fluorescent Recovery after Photobleaching (FRAP). We used a CLSM 510 microscope (Zeiss, Germany) equipped with an argon laser (488 nm) using a 40Â (LD, NA 0.7) objective. The FRAP data were analyzed by evaluating the intensity with ImageJ (Image processing and analysis in Java, National Institute of Health; http://rsb.info.nih. gov). The diffusion coefficient was determined with the fitting procedure described in ref 43 .
CCD Camera Used for Movie. Movies, from which snapshots were taken for figures, were recorded by the microscope and ARTICLE a CCD camera (C9100À13) purchased from Hamamatsu, Japan. The contrast between the nanowires and the background was enhanced by Histogram Equalized with the software provided by the same company.
Cryotransmission Electron Microscopy (Cryo-TEM). For the cryo-TEM imaging, the samples were fabricated on PEI-coated glass slides in the same way with DOPE þ 2% NBD-PC. Subsequently, the samples were transferred onto glow-discharged holey carboncoated grid (quantifoil, Germany) by touching the sample surface with the grid, immediately blotted with Whatman filter paper and vitrified into liquid ethane at À178°C using a vitrobot (FEI company, Netherlands). Frozen grids were transferred onto a Philips CM200-FEG electron microscope using a Gatan 626 cryo-holder (GATAN, USA). Electron micrographs were recorded at an accelerating voltage of 200 kV and a nominal magnification of 50000Â, using a low-dose system (10 e À /Å 2 ) and keeping the sample at À175°C. Defocus values were À2.5 μm. Micrographs were recorded at 4 K Â 4 K CMOS camera (TVIPS, Germany). The diameter of the lipid nanotube was estimated by measuring the diameter at different places on tubes (totally 90 data points from six different tubes).
